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Low-contrast all-optical Zeno switching has been demonstrated in a SiaN4 microdisk resonator 
coupled to a hot atomic vapor. The device is based on the suppression of the field build-up within 
a microcavity due to non-degenerate two-photon absorption. This experiment used one beam in a 
resonator and one in free-space due to limitations related to device physics. These results suggest 
that a similar scheme with both beams resonant in the cavity would correspond to input power 
levels near 20 nW. 

PACS numbers: 42.65.Pc, 42.65.-k, 42.82.Et 



The quantum Zeno effect (QZE) can prevent a ran- 
domly occurring process by frequent measurement [1]. It 
has previously been shown [2-4] that this effect could 
be used to suppress errors in quantum logic gates us- 
ing strong two-photon absorption (TPA). Recently, this 
work was extended to show that the QZE has a classical 
analog that could be used to create a low-loss all-optical 
switch [5] capable of operating at low powers. 

Whereas the QZE prevents the buildup of a probability 
amplitude, the classical Zeno effect suppresses the coher- 
ent buildup of the electromagnetic field amplitude within 
a microresonator. To see how this can be used to cre- 
ate a switch, consider a system in which the resonator is 
strongly coupled to a two-photon absorbing medium such 
that two distinct frequencies are required for absorption 
to take place. With the resonator critically coupled to 
two waveguides, the presence of a resonant input at ei- 
ther of the two frequencies will result in the light coupling 
into the resonator and leaving the opposite waveguide. 
This is due to the destructive interference between the 
light remaining in the waveguide and the built-up field 
amplitude in the cavity that couples back to the waveg- 
uide. When both frequencies are present in the cavity 
the TPA prevents the coherent intra-cavity field buildup 
and the input beams pass by the resonator because there 
is now insufficient amplitude in the cavity to result in 
interference. 

Based on these principles, groups have proposed all- 
optical Zeno switches employing other dissipative mech- 
anisms, such as saturated absorption in a quantum dot 
coupled to a photonic crystal cavity [6], inverse Raman 
scattering (IRS) in a Silicon microdisk [7], IRS in an op- 
tical fiber [8] and sum and difference frequency genera- 
tion in a x^ 2 ) microdisk [9]. More generally, other tech- 
niques have recently been investigated to demonstrate 
all-optical switching with the intent of reducing operat- 
ing power levels [10-15]. 

Here we present experimental progress towards a clas- 




(b) 

FIG. 1: (a) A schematic showing the chip-level design of the 
SisN4 microdisk coupled to two waveguides, (b) SEM image 
of the S13N4 microdisk used in these experiments. Details can 
be found in the text. 



sical Zeno switch consisting of a Si3N 4 microdisk em- 
bedded in hot Rubidium (Rb) vapor. A key aspect 
of this work is the enhanced rate of TPA that can be 
achieved at low power levels by confining fields to a 
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FIG. 2: Optical diagram for the experiments described in 
the text. Not shown is a 25 mW 405 nm laser focused on the 
resonator for thermal tuning purposes. 



small mode volume. This has recently been observed at 
nanowatt power levels in submicron-diameter tapered op- 
tical fibers [16, 17]. Additional enhancement in the TPA 
rate has been achieved by using high quality factor (Q) 
resonators to increase the field strength and interaction 
time [14, 18, 19]. 

To demonstrate Zeno switching, we used a S13N4 mi- 
crodisk with a diameter of 26 /im and a thickness of 250 
nm. These devices were chosen over other high-Q micro- 
cavity designs because they have integrated waveguide 
coupling and a high index of refraction that supports 
mode compression. The resonators contain no cladding 
material, allowing the evanescent field to extend outside 
the device and overlap considerably with the atomic va- 
por. Each microdisk was critically coupled to two waveg- 
uides in an add-drop configuration, and then coupled to 
four single-mode fibers using a V-groove chip with com- 
patible spacing. A chip-level schematic is shown in Fig- 
ure 1(a) and an SEM image of the waveguide-coupled 
microdisk is shown in Figure 1(b). 

The setup used in this experiment is shown in Figure 
2. Two frequency-stabilized external- cavity diode lasers 
were used, one at 780 nm and one at 1529 nm. Both 
of these beams passed through fiber splitters and into a 
reference cell as well as a vacuum system containing a 
microdisk. The two beams were focused through a Rb 
reference cell ( Rb and 85 Rb) in a counter-propagating 
configuration to allow monitoring of the TPA condition 
while their frequencies were measured using a wavelength 
meter. The 780 nm beam passed through a low-noise 
tapered amplifier prior to entering the vacuum system 
through a view-port where it was focused onto the mi- 
crodisk. The 1529 nm beam remained in fiber and was 
coupled to the resonator via on-chip waveguides. The 
1529 nm through- and drop-ports were measured using 
femtowatt detectors after passing through 1500 nm long- 
pass filters. 

The microdisk was mounted in a vacuum system with 
the fibers entering through a Teflon feedthrough [20]. 
The vacuum system was lightly baked to 120°C until 



pressures reached 10 -8 Torr and then cooled to about 
80°C. Rb vapor was injected into the system using an 
array of getters. The atomic density was estimated using 
a fit to the tails of the absorption spectrum of a probe 
beam. This method resulted in an average density be- 
tween 10 11 and 10 12 cm~ 3 . The section containing the 
microdisk was surrounded by view-ports to allow optical 
access from the top, as will be discussed below. 

Our scheme uses the two-photon transition 5Si/ 2 — > 
5-P3/2 — 4D3/2 that consists of the well-known D2 line 
near 780 nm followed by a transition near 1529 nm. Be- 
cause coupling gaps between the waveguide and the res- 
onator were designed for wavelengths near 1529 nm, the 
780 nm transition was excited using a focused free-space 
beam. 

The matching of the cavity resonance (A c ) to the 1529 
atomic resonance (A)j 5 b 29 ) was accomplished using a num- 
ber of steps. Initially, the approximate diameter of the 
microdisk was chosen to optimize the mode volume ac- 
cording to [5] with A c near A^ 5 h 29 . The diameter was then 
varied incrementally for a series of disks laid-out across 
each substrate such that a device could be selected after 
fabrication, coupled to fibers and secured using vacuum- 
compatible, high-temperature UV-curable epoxy. Once 
the devices were inserted into the vacuum chamber they 
experienced a downward shift in A c due to the change 
in index. It has also been observed that S13N4 devices 
undergo an upward shift in A c when exposed to Rb in 
vacuum as a result of accumulation [21] although this 
change can be reversed by rinsing the device in distilled 
water. We have observed that this Rb shift in A c tends 
to increase with the maximum vapor density achieved 
and have used it as a tool to shift the resonance by as 
much as 7 nm. The resonance can also be shifted down 
by etching with Hydrofluoric acid (HF) [21]. Ultimately, 
each of the aforementioned shifts were compensated for 
and then final tuning was accomplished thermally with a 
25 mW 405 nm laser focused on the resonator. 

While it has been predicted that classical Zeno switch- 
ing could result in excellent signal contrast [5], the Q of 
this device (sa 10 5 ) is currently below what is needed for 
optimal performance. With expectations of a somewhat 
modest signal we designed a data collection scheme to 
reduce noise through averaging. A calibration algorithm 
was used to vary the atomic intermediate state detuning 
(dm) by scanning the frequencies of the 780 nm and 1529 
nm lasers by an equal and opposite amount such that 
their total energy remained fixed and resonant with the 
two-photon transition described previously. This allowed 
a full scan across the profile of the cavity resonance with 
the conditions for TPA satisfied, although the strength 
of the absorption varied as a function of intermediate 
state detuning. As a control, each resonant TPA scan 
was followed by a scan with the frequency of the 780 
beam offset by 10 GHz such that the cavity resonance 
was measured in the absence of TPA. To compensate for 
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FIG. 3: A typical profile of the TPA signal in the reference 
cell as a function of intermediate state detuning of the 1529 
nm beam. The frequencies of both lasers were scanned simul- 
taneously such that their total energy remained fixed with the 
85 Rb F=3 55i/ a -> 5P 3/2 -> 4D 3/2 transition. The typical 
cavity position during data collection (A = 0) was approxi- 
mately equal to fo — 6 GHz. 



any thermal drift when averaging data trials, each cavity 
profile was zeroed to a new frequency axis (A) by fitting 
to a Lorentzian and then adding a frequency offset (fo) 
to the atomic intermediate state detuning (Sub), 




FIG. 4: Switching data: The upper plot shows cavity trans- 
mission with the conditions for TPA satisfied in red and a 
control in blue. The lower plot shows the difference in the 
signals. 



A = 6 Rb -f . (1) 

Figure 3 shows the strength of the TPA rate in the 
reference cell under conditions typical of each trial. As 
can be seen in the plot, the TPA condition is maintained 
throughout a scan of approximately 5 GHz. The shape of 
the graph corresponds to the well-known (5^ 2 dependence 
predicted by perturbation theory [5], as shown by the fit. 

An example of Zeno switching is shown in Figure 4. 
Approximately 100 trials were averaged for each condi- 
tion. The blue lines in the upper plot show the cavity 
drop-port (peak) and through-port (dip) with the 780 
nm laser detuned so that the conditions for TPA were not 
satisfied. The red lines in the upper plot show the cavity 
response in the presence of TPA. The difference in these 
two situations is highlighted in the lower plot, where it is 
emphasized that the effect of the additional absorption is 
to increase the transmission of the through-port and de- 
crease the transmission of the drop-port, consistent with 
a low-contrast Zeno switching process. 

Figure 5 shows a control case with the only difference 
being the absence of Rb vapor. As can be seen in the 
data, there is no similar change in the transmission of 
the cavity to suggest a switching event. Although not 
shown here, additional controls were also performed to 
validate our data. For example, in one test the cavity 
was thermally detuned from two-photon resonance with 
the power levels, density and frequency of the 780 nm 
free-space beam unchanged. In another, the position of 
the 780 nm beam was moved from the resonator to the 
waveguides to determine whether absorption before or 



after the resonator was an issue. All of our controls sup- 
ported the conclusion that switching was due to TPA in 
the evanescent field of the microdisk. 

Assuming symmetric fiber-coupling losses, the 1529 nm 
power in the input waveguide can be estimated to be 
roughly 14 nW for the switching data shown in Figure 
4. The control data shown in Figure 5 corresponds to 56 
nW. The power in the free-space 780 nm beam was 15 
mW for both cases. The intensity of the 1529 beam in 
the resonator was 490 W/cm 2 assuming a mode volume 
of 1.9 xlO -11 cm 3 (42 (A/n) 3 ). The intensity of the free- 
space beam (470 W/cm 2 ) would correspond to 13 nW in 
the input waveguide. 

The primary factor that affects switching contrast is 
the difference between the coupled cavity Q with and 
without TPA. One way to improve the contrast of the 
switch is to increase the intrinsic quality factor allow- 
ing the total system Q to be increased by decreasing the 
waveguide coupling strengths proportionally, leaving the 
coupling regime unchanged. Higher Qs in SisN4 devices 
have been demonstrated [21] using a variety of techniques 
and we are optimistic that we can improve the results 
presented here. We are also investigating the suitability 
of other types of micro-cavities for use in Zeno switch- 
ing experiments, weighing factors such as intrinsic qual- 
ity factor and mode volume with practical issues such as 
chip-scale integration and robustness. 

The primary advantage of using an atomic vapor as 
compared to trapped atoms is the increased number of 
atoms in the mode and the practical advantages asso- 
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FIG. 5: Control data demonstrating that no similar change 
is seen when the experiment is repeated with the frequency 
of the 1529 nm beam in a different range, as described in the 
text. 

ciated with not working at low temperature. The dis- 
advantages of using atomic vapors are the effects of 
the atomic velocities and the buildup of the atoms on 
the surface of the device. The atomic velocities re- 
duce the average time each atom spends in the mode, 
resulting in time-of-fiight broadening [22]. In schemes 
such as the one demonstrated here, where the energies 
of the two atomic transitions are different, Doppler-free 
schemes are not effective and Doppler broadening domi- 
nates. A Doppler-free scheme could be performed using 
the 5jSi/2 — ► 5P3/2 — > 5Z?5/2 transition in Rb, for exam- 
ple [5, 23, 24]. The atomic build-up on the surface of 
the device has been used as a tool in this experiment but 
it also results in slight degradations in the Q that may 
become more important with lower-loss resonators. This 
coating on the surface of the device may also decrease the 
fraction of the mode that overlaps with the atomic vapor 
thereby reducing the effect of the atoms. Investigations 
are underway to determine the extent of these effects on 
switching performance. 

To our knowledge, these results represent the first 
published experimental demonstration of Zeno optical 
switching based on TPA. Using estimates based on the 
power of the free-space beam, all-optical switching in 
the low nanowatt range seems attainable. Although the 
switching contrast is currently low, we believe the perfor- 



mance can be improved by addressing challenges related 
to device physics. 
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